A new hybrid Cu/rGO catalyst obtained by a thermal treatment of the composite of a copperbased MOF with graphite oxide exhibited a marked catalytic activity for oxygen reduction reaction (ORR) in an alkaline medium, high tolerance to methanol oxidation and superior long-term stability over 20 hours. The unique architecture of the copper atoms in the 3D framework of the pristine MOF coupled with the excellent electron transfer properties of rGO lead to materials with a homogenous distribution of copper nanoparticles of specific chemistry assembled within the graphene sheets. Fast O 2 adsorption and charge transfer owing to the strong interactions between copper atoms and graphite oxide resulted in highly stable and active Cu/rGO electrodes, compared to the carbonized MOF. The synergistic effect of copper and rGO in the composite leads to a superior ORR activity in terms of long-term stability and high current densities, close to the best performance reported for Pt and other metal-free electrocatalysts.
o C to constant vacuum (10 -4 Torr). The surface area, S BET , (Brunauer-Emmet-Teller method was used), the micropore volume, V mic , (calculated using the Dubinin-Radushkevich approach) [31] the mesopore volume, V mes , the total pore volume, V t , (calculated from the last point of the isotherms based on the volume of nitrogen adsorbed). The volume of mesopores, V mes , represents the difference between total pore and micropore volume. The relative microporosity was calculated as the ratio of the V mic and V t .
binder. The prepared composition was pressed by a Carver Press machine applying 2 tons pressure and a disk-shaped well-packed pellets with diameter 8 mm were formed. The pellets were dried in oven for 12 hours. The pellets' thickness was measured by a spring micrometer.
The measurement of conductivity was carried out using the Keithley 2400 multimeter.
Results and discussion

Characterization of Cu/rGO hybrid materials
The SEM and TEM images of the catalysts indicate a marked difference between both (Table S1 ). In CMGr (Figure 1a,b) , globular copper-containing particles are also seen on the carbonized MOF particles. Interestingly, the particles here preserved the shape of MOF crystals ( Figure S1 ; ESI) indicating the constraining effects of the GO layers resulting in the preserving the shapes of the original MOF crystals in their carbonized phase. The graphene phase seems to be mainly separated from the MOF-origin phase and large aggregates can be easily distinguished. Besides this, some corrugated graphene layers are directly covered with thin layers of the aggregated copper particles (Figure 1 e-h). The latter are more heterogeneous in their sizes on the surface of CMGr than those on CM and the EDX analysis indicates that the largest particles are mainly metallic copper, whereas in the smaller ones oxygen can be also detected. An EDX mapping also shows that the surface of CMGr is much more heterogeneous than that of the CM sample (Table S1 ; ESI). Of significance might be the presence of copper particles growing on the layers of rGO and the marked surface heterogeneity of this material. The differences in the content of carbon and copper on the surface follow the trend in the composition of the precursors. o C is linked to the oxidation of copper [34] . That increase is about 5 % for CMGr and 2 % for CM suggesting that copper in the former sample is more reactive in air than that in the latter sample, even though the total copper content is about 50 % smaller. When the analysis was run in helium both materials revealed similar thermal fingerprints, with a small mass loss (ca. 1.5 wt.% in both cases) between 300-500 ºC due to the CO 2 evolution from the decomposition of copper carbonates formed from the organic linkers of MOF ( Figure S3 ; ESI).
DTA curves (Figure S2c
Both catalysts also exhibit rather similar diffraction patterns, being the consequence of the destruction and chemical transformation of MOF during the heat treatment (HT) at 800 o C.
The carbonization temperature was chosen based on the observed thermal stabilization of pristine materials ( Figure S4 ; ESI) and the expected reduction of a significant amount of carbonyls and OH groups of GO [35] . The XRD pattern of CMGr shows sharp peaks at 44
and 52º assigned to metallic copper, and a small peak attributed to Cu 2 O. Since the oxidation state of copper in HKUST-1 is (+2) and both materials present the similar copper diffraction patterns, the reductive atmosphere is provided not only by GO but also, to some extent, by the pyrolytic carbon phase formed during the decomposition of the organic linkers of MOF. The crystallite size of metallic copper estimated using the Scherrer equation [36] is 20.6 nm for CM and 27.4 nm for CMGr. This difference follows the trend observed for the size of copper particles seen on the SEM images (Figure 1a-d) . Thus, the insertion of GO in the MOF framework during the synthesis modifies the chemical environment of the copper atoms, causing an aggregation in slightly larger cluster/nanoparticles during the HT. The XRD peaks are also sharper for CMGr, indicating a higher level of crystallinity. A well-defined sharp peak at 2θ =26º, characteristic of a high order stacking of graphene layers (002) is clearly visible on the XRD pattern of CMGr. The absence of the peak at 2θ = 9.3º corresponding to the pristine GO [20] demonstrates that this phase is reduced during the HT (rather than undergoing exfoliation/expansion) to form reduced rGO aggregates, as seen on the SEM/TEM
images. This contrasts with the results recently reported by Zhou and co-workers, where the peak of the ordered stacking of graphene sheets was not detected on a CuO/N-rGO composite [9] .
Furthermore, a twice larger porosity found for CM (Table 1) than that for CMGr suggests that the agglomerates of rGO do not provide any porosity (beyond a "dilution" mass effect). It has to be stressed here that the porosity of the materials addressed in this paper is much smaller than that for the MOF/GO composites and MOF itself described in details by Petit and coworkers [20] . This is related to the chemical changes occurring during the thermal treatment at 800 ºC. As seen in Figure S4 Tables 2 and 3 . Given the composition of the precursors, we attribute the trace amount of nitrogen detected by XPS to the NMP solvent used to fabricate the electrodes and we do not link it to the observed catalytic activity. The charge corrections of the spectra were done against carbon atom marked with an asterisk (*) of PVDF -(CH 2 -C*F 2 )-at 290.6 eV [32] due to the complex nature of the C 1s spectra, where the correction with the adventitious carbon is not possible.
The C 1s core level spectrum of sample CMGr was deconvoluted to six contributions ( Figure   3 and Table 3 ). The intense peak at 284.6 eV was assigned to carbon in sp 2 configurations, and the contributions at 287.1 eV and 288.4 eV were assigned to carbonyl and carbonates or carboxylic groups, respectively [37, 38] . The low intensity peak at 282.4 eV is assigned to the possible presence of copper carbide [39, 40] . The contribution at 286.1 eV is mainly due to carbon atom C* from PVDF -(CH 2 -C*F 2 )-[32] and, in a minor extent to the presence of phenolic and other C-OH groups in addition to C-O-C from ether bonds [32] . As expected, for both samples the percentage of this contribution was more or less similar to that of carbon C* of PVDF -(CH 2 -C*F 2 )-at 290.6 eV. Indeed, the F 1s signal appeared at 688.0 eV for both materials, in agreement with the value reported for PVDF [32] .
As seen in Table 3 , the main differences in the C 1s core level spectra between two samples studied are in the presence of copper carbide in CMGr (not detected in sample CM) and in the contribution of pyrolytic and graphitic carbon. For CM sample pyrolytic carbon is predominant over the graphitic structures, which is in agreement with the amorphous carbon phase observed in the TEM images ( Figure 1 i-l). It is linked to the decomposition of the MOF organic linkers. In the case of CMGr, the graphitic carbon is the dominant phase (ca.
seven times more than in CM), due to the incorporation of the rGO layers to the composite. In (Table 2) indicates that sample CMGr presents a higher concentration of carbon and lower concentration of oxygen and copper than those on CM. In order words, the surface of sample CM is more oxidized and contains a higher amount of copper. Also, based on the ratio of the pyrolytic to graphitic carbon in both materials, it is clear that the CM sample has a much smaller surface concentration of a carbonaceous conducting material. The combination of the conducting carbonaceous phase and the well-dispersed copper particles in a metallic state formed during pyrolysis/reduction of Cu-based MOF is expected to create a specific fast electron transfer environment in sample CMGr, which would enhance ORR. These features are expected to create hydrophobic sites that favor the adsorption/withdrawal of dissolved oxygen from water.
Electrochemical performance in alkaline solution
Prior to ORR measurements, the electrochemical behavior and stability of the obtained materials was investigated by cyclic voltammetry (CV); comparative studies were performed on samples CMGr and CM in 0.1M KOH at various potential ranges (all potential values are referred vs. the Ag/AgCl/KCl (3 M) reference electrode). The electrochemical response of pristine HKUST-1 could not be measured since this material is unstable in moist air [42] and collapses when immersed in aqueous electrolytes (data not shown). On the other hand, the electrochemical response of rGO has been discussed elsewhere [11, 43] ; the outcome of these previous studies is used here only for a data interpretation and to indicate the importance of the surface features of the composites addressed in this paper.
The stability of the electrodes was first investigated by running several consecutive cycles Furthermore, the intensities of all peaks increase upon cycling indicating that the materials are electrochemically stabilized during the scans. After 30 cycles, the constant intensity was recorded and the materials were considered as fully stabilized.
When the electrodes were stabilized in the electrolyte saturated with nitrogen (series sN), two redox peaks (A1, A2) due to Cu(0)/Cu(I)/Cu(II) transitions were revealed in the anodic sweep.
Peak A1 corresponds to the oxidation to Cu(I) (r.1) and peak A2 is related to the formation of Cu(II) species (oxides/hydroxides) [44, 45] is also altered; cathodic peaks C1 and C2 are more intense than anodic peaks, as usually observed for copper electrodes that are easily reduced due to its inherent electronic structure [44] . Furthermore, the intensities of C1 and C2 peaks become similar, suggesting that the direct Cu(0)/Cu(II) transition is no longer predominant (as for the stabilization in nitrogen) but rather the two step process is favored (r.2 and r.1). It is important to mention that no leaching of copper from the surface of the electrodes was detected in 0.1 M KOH during the stability testing.
To evaluate the role of the dissolved oxygen during the stabilization of the electrodes, experiments were also conducted under controlled aeration conditions of the electrolyte The LSV curves also reveal differences between the synthesized samples. CM-sN and CMGrsN show an increasing current density pattern as the potential becomes more negative, as commonly observed for ORR catalysts [10, 11] . The measured current for CMGr-sN is 3 to 4 times higher than that for CM (both sN and sO), indicating the better performance of the former sample. This is more clearly seen in Figure 7 showing the comparison of the performance of both CMGr samples with that of a commercial Pt/C catalyst (20 wt. % Vulcan Pt/C) and rGO measured under the same experimental conditions (air as oxygen supply). The current density values for the CMGr-sN are also close to the best performance reported for Pt (21 mA/cm 2 ) and some graphene-based metal free catalysts [10] and outperforming other Cubased catalysts [9] .
On the other hand, the LSV curves of CMGr-sO show an unusual pattern (still following a somewhat increasing trend with the rotating speed), due to the overlapping of the intense reduction waves corresponding to copper transitions. Owing to the pronounced effect of these waves and the large background current at negative potentials, the mixed current density Figure S6 (ESI). The electron transfer numbers (n) were calculated from the slopes of the K-L plots and its dependence on the potential is presented in Figure 8b . For CMGr-sO the number of electron transfer is only evaluated up to -0.4 V (as discussed above). As seen, the n values are very low (n = 1-2) for both CM samples, indicating the low electrocatalytic selectivity of the carbonized MOF material. For the composites, the number of electrons transfer increased significantly reaching values close to 4 at -0.34 V for CMGr-sO. In all of them, the n value follows a stable trend with the potential, characteristic of electrochemically stable ORR process, confirming the stability of the electrodes. Since CM and CMGr have similar copper species ( Figure 2 and 4) , the role of rGO and its contact/interactions with the copper species is evident in directing the ORR towards a higher electron-transfer process.
The kinetic-limiting currents (j k ) were also calculated from the intercept of the fitted K-L plots at different potentials (Figures 8 and S6 ). As illustrated in Figure 8 , the limiting currents measured on CMGr are 3 to 4 times higher than those of CM over the investigated potential range, showing again the positive effect of rGO. Furthermore, the j k of CMGr is also significantly higher than the summed values of rGO [11] and CM, demonstrating that the interaction between the two phases goes beyond the superposition of the intrinsic response of rGO and Cu (sample CM) and that a copper-mediated process takes place (Figure 7b ). For instance, limiting currents measured at -0.7 V were 14.5 (n = 3.7) and 13.7 mA/cm 2 (n= 3.9)
for CMGr-sN and CMGr-sO, respectively. The values are about three times higher than those of rGO (ca. 5.10 mA/cm 2 ) determined under similar conditions [11] . These values are close to that measured on the Pt/C catalyst at our experimental conditions (Figure 7b ), and even higher than those obtained for other Cu-based catalysts and some metal-free materials [9] [10] [11] , despite our lower oxygen content, as above-mentioned, than that used when pure oxygen is used for electrolyte saturation. This makes our catalysts even more promising, as their performance will be much increased under higher O 2 concentration in the electrolyte.
To further evaluate the suitability of these samples as ORR catalysts in an alkaline medium, the tolerance to methanol crossover was assessed at -0.34 V (Figure 9a ). The chronoamperometry was first run under N 2 saturation of the electrolyte. When air was purged through the system a sharp increase in the cathodic current was observed for all samples.
After stabilization of the current, three separate spikes of methanol were introduced into the testing cell and the current remained unchanged showing the high tolerance of these materials towards methanol oxidation. This tolerance is better than that on a Pt/C catalyst (commercial 20 wt. % Vulcan Pt/C), where some shift in current from cathodic to a reversed anodic has been found ( Figure S9 ) [10, 27, 28] .
The long-term stability of the electrocatalytic activity of the composites was also evaluated The synthesis procedure applied and the reducing atmosphere provided during the thermal treatment let to the catalysts with similar textures/porosities and acidic/basic natures (Table 1) .
Thus the oxygen transfer to the surface active sites is expected to be comparatively fast in both cases, and cannot explain their different ORR activity. On the other hand, XPS data showed that the graphitic carbon was predominant in the Cu/rGO catalyst, as opposed to CM where the pyrolytic carbon was more abundant. This higher amount of the graphitic carbon in the former sample apparently increased the electric conductivity, which is one order of magnitude higher than that of the pyrolyzed MOF (2.6 S/m and 0.3 S/m for CMGr and CM, respectively). Moreover, the metallic copper particles are deposited on the relatively large graphene-based sheets enhancing the efficiency of the electron transfer processes. Both, metallic copper and graphene layers provide the local hydrophobic environment where oxygen "extracted" from water is attracted to the surface [50] . Then it accepts electrons through a direct path of a conducting support. The effects of the change of the water density in this hydrophobic nanospace can also affect this process [50] . Support for local hydrophobicity is in the XPS results discussed above ( Figure 3 and Table 2 ).
Thus the combination of the specific physical, chemical and textural characteristics of CMGr (the presence of the conducting carbon phase, the well-dispersed copper particles and surface hydrophobicity) forms the unique surface architecture, where ability of dissolved oxygen to concentrate on the hydrophobic surface of CMGr at the local environment of the copper species, combined with the enhanced electron transfer properties of the rGO component on which these active copper centers are located (acting as a connector between the copper particles/atoms) would account for the superior electrocatalytic activity of CMGr compared to that of CM. For the latter, the oxygen and charge transfer processes are limited by the poor hydrophobicity (Table 1 ) and the low conductivity of the pyrolytic carbon phase (Table 3 , Figure 3 ). This limits both, oxygen concentration on the surface and its ability to accept electrons.
Besides the catalytic activity, CMGr has also higher selectivity than CM as inferred from the higher number of electrons transfer (Figure 7b ). Details on the nature of the intermediates formed would be needed to further discuss the differences in the mechanism of both catalysts.
However, this is the subject of undergoing research and beyond the scope of this paper.
Conclusions
The results obtained show that, under appropriate stabilization conditions, Cu/rGO electrodes can be highly stable and active in electrocatalytic oxygen reduction in an alkaline medium. A thermal treatment of MOF/graphite oxide composite resulted in a hybrid material with a high metal loading. The unique spatial configuration of the copper atoms in the 3D framework of the pristine MOF and the separation of the small crystals by the graphene phase resulted in the relatively homogenous distribution of copper nanoparticles of small sizes assembled on the graphene sheets. These morphological features were not found on the surface of the carbonized MOF, even though the high dispersion of the reduced copper was detected there.
Owing to the combination of highly dispersed copper and the excellent electronic properties of rGO, the composites showed high electrocatalytic activity in ORR compared to the 
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Captions to the
Experimental Details
Thermal analysis-mass spectroscopy (TA-MS)
Thermogravimetric (TG) curves were obtained using a TA instrument thermal analyzer (SDT Q 600), which was connected to a gas analysis system (OMNI Star TM ) mass spectrometer.
The samples were heated up to 1000 o C (10 o C/min) under a constant helium flow (100 mL/min). From the TG curves, differential TG (DTG) curves were derived. The composition of gases was evaluated by MS and gas evolution profiles as a function of temperature were obtained.
Potentiometric titration
Potentiometric titration measurements were performed with a 888 Titrando automatic titrator (Metrohm). The instrument was set at the mode where the equilibrium pH is collected.
Subsamples of the initial materials (~ 0.050 g) were added to NaNO 3 (0.01 M, 25 mL) and placed in a container maintained at 25 o C overnight for equilibrium. During the titration the suspension was continuously saturated with N 2 to eliminate the influence of atmospheric CO 2 .
The suspension was stirred throughout the measurements. Volumetric standard NaOH (0.1 M) was used as the titrant starting from the initial pH of the materials suspension up to pH 11.
The experimental data was transformed into a proton binding curves, Q, representing the total amount of protonated sites [S1, S2].
Determination of number of electron transfer and kinetic-limiting current.
The Koutecky-Levich (K-L) equation was used to calculate the number of electron transfer and kinetic-limiting current at the different potential values from linear sweep voltammetry (LSV) [S3] .
where j, j k and j D are the measured current density, the kinetic-limiting current density and the diffusion-limiting current density, respectively; n is the number of electrons; F is the Faraday Figure S1 . SEM images of the synthesized samples at different magnifications. Table S1 . Semiquantitative analysis of surface chemistry (from five different spots on each micrographs in at. %). 
